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Abstract

The Deep Space-1 (DS-1) mission to be launched in
1998 will use an autonomous navigation system to
guide the spacecraft on a low thrust trajectory to
flybys of an asteroid and a comet. The ion propul-
sion system to be validated on 1) S 1 will provide
low thrust solar electric propulsion to the spacecraft
and presents additional challenges to the develop-
ment of the autonomous navigation system. In or-
der to maintain a trgectory to the designated mis-
sion target bodies, the autonomous navigation sys-
tem must autonomously determine the orbit of the
spacecraft, and adjust the thrust profile to be imple-
mented by the ion propulsion system to correct any
deviations from the nominal spacecraft trajectory.
A detailed description of the component of the au-
tonomous navigation system that controls the low
thrust profile of the ion propulsion system is pre-
sented, and examples of some tests of this system
are used to illustrate its capabilities.

I ntroduction

The first of NASA’s New Millennium technology val-
idation missions, the Deep Space-1 (1) S-1 ) mission’,
will be used to demonstrate and validate the first
completely autonomous navigation system ever used
by an interplanetary mission. Among the various
technologies to be validated on the 1) S-1 mission,
the most important is the” use of an ion propul-
sion system (I1PS)as the primary propulsion system
of the spacecraft. The IPS provides solar electric
propulsion (SEP) by accelerating ionized xenon gas
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through a large potential. Historically, spacecraft
trajectory corrections have been performed using
chemical rocket engines which provide a relatively
high thrust over short (minutes to hours) durations
of time. The amount of total impulse available to
the spacecraft is limited by the mass of propellant
that the spacecraft can carry. In contrast, SEP has
the capacity to provide continuous low thrust to the
spacecraft, of the order of tens of millinewtons, for
durations that are as long as many months. SEP
is especially beneficia to high energy interplanetary
missions where large changes in the energy of the
orbit of the spacecraft can be achieved with consid-
erably less mass than a chemical propulsion system.

The low thrust provided by the IPS is the largest
nongravitational force acting on the spacecraft, and
errors in the pointing angle, duration, and magni-
tude of the thrust applied by the IPS on DS -1 are
likely to be the largest cause for deviations from the
nominal spacecraft trajectory. The implementation
of the nominal design of the SEP thrust profile on
1) S 1 is expected to have accuracies of the order of
1-2%. Continuous monitoring of the IPS and regu-
lar updates of the thrust pointing angles and thrust
durations will be necessary to correct for deviations
from the designed SEP thrust profile and spacecraft
trajectory. Although redesigns of the SEP thrust
profile could be computed onthe ground, it would
be much more efficient and advantageous to compute
corrections to the designed SE P thrust profile on the
spacecraft itself since these updates are expected to
occur frequently. Autonomous control of the IPS on
1) S lis an integral part of the autonomous naviga
tion system.

The 1) S- 1 autonomous havigation system will use
autonomous optical navigation (O PNAV)to deter-
mine the best estimated orbit of the spacecraft. This
best estimate of the spacecraft state will then be
used to compute the corrections to the designed SEP



thrust profile that are necessary to maintain a space-
craft trajectory tothe designated targets. The OP-
NAV system uses a camera onboard the spacecraft
to take images of the relative positions of asteroids
with respect to the spacecraft. This information
is then used to determine the spacecraft position
and velocity using precise orbit determination tech-
niques. More details of the DS-1 autonomous navi-
gation system and the OPNAV system are described
elsewhere?34. This paper is devoted to describing
the current strategies and algorithms that will be
used by the autonomous guidance and control com-
ponent of the DS-1 autonomous navigation system
to adjust the designed SEP thrust profile to be im-
plemented by the IPS in order to achieve the specific
target conditions. The results from some tests used
to validate this low thrust trgectory guidance and
cent rol system are also discussed.

Definition of the Designed Thrust Profile

The nominal SEP thrust profile for the low thrust
trajectory of DS-1 is designed prior to launch as a
completely independent process to the autonomous
navigation system®. At present, the DS-1 trajectory
is being designed for an encounter with the asteroid
McAulifte, a flyby of Mars, and an encounter with
the asteroid West-Kahoutek-lkemoura (WKI). The
DS-1 autonomous control system will be responsible
for computing updates and small changes to the de-
signed SEP profile. However, if the corrected SEP
thrust profile becomes energetically disadvantageous
for subsequent encounters, or if there are significant
deviations from the designed SEP thrust profile, the
ground navigation team will have opportunities to
redesign the SEP profile for uplink to the spacecraft.
It is likely that early redesigns will occur immedi-
ately after launch to account for orbit injection er-
rors, and after the IF'S has been calibrated.

In order to simplify the design and control of the
1) S1 trgectory, the designed SEP thrust profile will
be split into successive planning cycles. The major-
ity of the planning cycles will have a duration of
7 days, while plans on approach to the target en-
counter time will become successively shorter. This
allows the autonomous navigation system to pre-
pare, or plan, the SEP profile for upcoming plans by
computing the precise orbit of the spacecraft before
computing the adjusted SEP profile for the future
plans that occur before encounter time. Figure 1
provides a heliocentric view in the equatorial plane
of a sample DS- 1 low thrust trgjectory to encounters
with McAuliffe and WKI. The launch date for this
trgjectory is July 1, 1998, and the encounters with
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Figure 1: Sample DS-1 Traectory to McAuliffe and

West- Kahoutek-lkemoura
McAuliffe and WKI are on January 17, 1999 and
June 6, 2000, respectively.

The SEP profile for each planning cycle &, for
k=0to K, will be defined by a constant thrust
magnitude 7 and consequently a constant mass flow
rate, and a duration ¢ that the SEP thrust is ap-
plied during each plan. The 11'S thrust pointing vec-
tor in each plan is specified by the time dependent
pointing angles of right ascension «(t), and decli-
nation é(t), which are each defined by first order
polynomials of time in each plan.

a(t) =
5(1)

In addition, a particular dutycycle D is imposed on
the SEP profile of the low thrust trgjectory when it
is designed, where the duty cycle specifies the maxi-
mum duration that the IPS is permitted to thrust in
each planning cycle. A constant duty cycle is usualy
defined for the entire SEP thrust profile. Here, ref-
erence will also be made to SEP segments, where an
individual SEP segment refers to the combination of
SEP plans where the IPS is thrusting continuously
except for the time at the end of a SEP plan where
the IPS is not thrusting only because of the imposed
duty cycle limitations. This means that all of the
plans except for the last plan in any particular SEP
segment will have a thrust duration that is exactly
at the specified duty cycle limit. Only the last plan
x of each SEP segment is permitted to have a thrust
duration that is free to range from zero duration to
the duration available from the specified duty cycle
limit. Given the start time ¢, of each planning cycle

ap +ax(t —te); te <t <te+ 7 (1)
bk -}-ék(t—ik) e <t <t +7e (2)
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kina SEP segment, the implicit constraint on the

durations that the 11'S is permitted to thrust in each

planof a particular SEP segment is as follows.
% = Dk+r -~ t) when kb # &
0<r < D(teyr — tx)

(©)
©

All SEP plans that arc not part of a SEP thrusting
segment will have a thrust duration of 7x = O.

The nominal 11 S- 1 SEP profile is designed to al-
low approximately 8% of the duration in each plan-
ning cycle to be devoted to telecommunications with
ground operations, and to taking the images of the
asteroids that are used as beacons by the OPNAV
system for the autonomous orbit. determination of
the spacecraft. Due to attitude constraints on the
spacecraft the 11'S cannot be operating during ei-
ther of these procedures. The remaining 92% of
the duration in each planning cycle is available for
thrusting by the IPS. For the actual D S-1 flight the
SEP profile will be designed such that the II'S will
have a 92'% duty cycle. However, for the purposes
of testing the autonomous navigation system, and
especially the autonomous control system, tragecto-
ries with a suboptimal 85% duty cycle are currently
being used. This approach is taken to ensure that
trajectories with suboptimal performance from the
11'S are available for the McAuliffe and WKI encoun-
ters, but also to ensure that the autonomous control
system is capable of controlling the DS-1 trajectory
if the 11' S does not perform to the specified 92°% duty
cycle specifications.

The 1) S 1 trgjectory shiown in Figure 1 iSdesigned
to an 85% duty cycle, and the associated SEP pro-
file between launch and the McAuliffe encounter, is
shown in Figure 2. The pointing angles in each SEP
segment could be considered to be continuous ex-
cept for the time during the SE'P plans when the
IPS is not thrusting because of the specified duty
cycle limit. The SEP profile for the McAuliffe en-
counter, shown in Figure 2, has two SEP segments.
The first SEP segment begins 15 clays after launch,
is approximately 10 days long, and contains 2 SEP
plans. The second SEP segment begins 31 days after
launch, is 100 days long, and contains 16 SEP plans.
The first segment at tbe beginning of the mission is
specifically designed to be used to test and calibrate
tile1l's.

It should be noted that the right ascension and
declination of the SEP thrust pointing vector from
the last plan in each segment, a,andé,, are extrap-
olated using the rates a, and 6, to the few subse-
quent plans which have zero IPS thrust durations.
The reason for this is to provide nominal design val-
ues of the 1I'S thrust pointing angles in these zero
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Figure 2: Right Ascension (), [declination (b), and
Magnitude (c) of SEP Thrust Pointing Vector for
1) S1 Trajectory to McAuliffe
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duration plansto alow the autonomous control sys-
tem to include these plans as part of theindividual
SEP segments if it becomes necessary for the IPS to
thrust during these plans. For example, there are
six SEP plans at the end of the second SEP seg-
mentwhich are nominally designed with zero du-
ration, but which could become part of the second
SEP segment and be used to thrust by the IPS if
necessary.

Those SEP plans that are not needed to correct
the designed SEP profile then become available for
trgjectory control maneuvers (T'CMs) for the balis-
tic phase of the trgectory before encounter. TCMs
will be performed either by the 11'S or the hydrazine
engines on DS-1, and should usualy have durations
of less than 12 hours if the IPS is used to perform
these maneuvers.

The 1) S-1 spacecraft is severely constrained in ori-
entation, because certain faces of the spacecraft can-
not be illuminated by the Sun, and because use of
the IPS requires that the solar panels face directly
into the Sun. These constraints in orientation trans-
late into constraints on the pointing angle of the 11'S
thrust vector. When the SEP profile of the 1) S-1
missionisdesigned, these angular constraints on the
11'S thrust vector are specified in each plan by angles
0, for each plan k.

Define the pointing vectors p' and p to be the
thrust, pointing vectors at the beginning of each plan
of the designed SEP profile, and the corrected SEP
profile, respectively.

[ cosé} cosay cosépsinal sinédy ](5)

Y4
p = [ cos g cos oy cos b sinay  sin by ](6)
The primes () are used here to indicate that the
pointing vectors and angles are from the designed
SEP profile. The constraint angles 6, then define
the maximum angular correction that can reapplied
to the IPS thrust pointing vector specified at the
beginning of each plan of the designed SEP profile.

pop @
(8)

Felag, b)
cos T (Fr(ag, &)

A
~

The SEP thrust, profile for the 1) S-1 autonomous
navigation system is then defined by a table of .,
Te, Tk, Ok, Gk, g, 8k, a}, 8, and 0, for each of the
planning cycles between launch and encounter, with
the last three parameters used only to check that
corrected SEP profiles do not violate the angular
constraints imposed on the designed SEP profiles.
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Linear Control F.quation for SEP Profile

If the angular rates, &k and Sk, and the thrust mag-
nitudes 7} specified in the designed SEP profile are
assumed to be fixed, then the remaining indepen-
dent variables which provide control authority for
the thrust vector from the spacecraft IPS are the
pointing angles at the beginning of each plan, ok
and 6k, and the thrust durations 7. only from the
last plan in each SEP segment, since these durations
are the only durations of plans within a SEP segment
that are not set at the duty cycle limits. However,
the last plan defined for each SEP segment, or the
value of «, is permitted to change (increase or de-
crease) as it becomes necessary.

It is assumed that the autonomous control sys-
tem will only be used to update the SEP profile to
correct for small deviations from the nominal trajec-
tory, while any significant deviation from the nomi-
nal trgectory will require a complete redesign of the
1) S1 trgjectory and SEP profile. As such, a simple
linear targeting approach seems adequate for the au-
tonomous control system. Also, the control system
will be restricted to using only those plans within
a single SEP segment to correct the SEP profile at
any time.

The autonomous orbit determination system com-
putes the current best estimate of the spacecraft
state at some time ¢, and this is integrated forward
in time to provide a spacecraft state at the speci-
fied encounter time t. using the currently available
SEP profile. This present course encounter state
Xe(ag, bk, 7x) is a function of,

(ak, 0k, 7) for ki <k <w andt <ty <t

where the plan k, is the first complete plan after
the time ¢ where the best known spacecraft state
has been computed. If the difference between the
present course and desired encounter time spacecraft
states is not below a specified tolerance threshold e,
then adjustments to the parameters ,.,c, and 6«
for k = k; to k = &, a total of 2(k — ky + 1) + 1
parameters, can be used to guide the spacecraft to
the required target state. The desired target state
Xe(ak, 0k, %) is afunction of,

(6,65, 7<) for k= ktok= =,

where the overbars () are used to indicate the ad-
justed S11' profile variables that are necessary to
achieve the required target state. It is these vari-
ables, (¢, 6k, 7,.) that mustbe determined by the
autonomous control system.

For small deviations fromthe nominal trajectory
it should not be necessary to use al of the available
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pointing angles to guide the spacecraft to the tar-
get state, and a subsct of the pointing angles from
plansk =k, to k = x could be used. If a strategy
that attempts to correct the low thrust tragjectory as
soon as possible is adopted, then the 1) S- 1 control
system will be restricted to using the pointing an-
gles from al plans from plan k1to plan k2 to provide
control authority to the IPS, where k2 is restricted
as follows.

ki <k <k C)
The required target state can be expanded into
aTaylor series expansion about the present course
encounter state and SEP profile as defined by the
independent variables ag, éx and 7. Assuming hat
a target trajectory SEP profile only has smal devia-
tions from the present course trajectory SEP profile,
then retaining only the linear terms from the Taylor
series expansion provides the linear control equation
for the DS-1SEP profile.
AX, = KAs (10)
The vector A X, is the difference between the desired
target state and the spacecraft state at encounter
time computed from the current SEP profile.
AX, = Xe(@k, bk, 7x) — Xe(ak, 8k, Tx) (11)
The matrix K (ax, 8k, 74) contains the first order par
tial derivatives of the control variables, and should
be evaluated from the present course SEP profile
used tOCOInpute)\'e(ak,6lc,7',;).

(0X./0ay,)
(aXe /35’61 )
(gxe/gglklﬂ)
Xe .

KT (ag, 6k, 7x) = (X /B0i31) (12)
(8Xe/f)ak,)
(0Xe/06k,)
(0Xe/0Tx)

The operator [-]7 denotes the transpose of the ma-
trix [-]. The ‘partial derivatives in the K matrix
are numerically computed using finite central dif-
ferences. An example is given below.

Xe(ag, bk, Tx) law, +e ~Xe(@r. 8, e Jon, —¢
2¢

XN,
dag,

(13)
The control vector As contains the first order cor-
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rections to the control variables of the SEEP profile.

(-{Icl T Oy,
6’61 5&'.

Ok 41~ Cky 41

Ok, 41 “ 6k 41

As = (14)

Og, - Ok,
bk, — bk,
77'& - Tx

A tota of M =2(ka—k1+ 1) + 1 variables provide
control authority for the 1) S-1 low thrust trajectory,
and As is a vector of dimension M.The two point-
ing angles from at least the first available plan k
in a SEP segment, and the duration from the last
plan » of that SEP segment are aways included in
the search for an updated SEP profile, and M > 3
always. If N is used to denote the dimension of the
target vector AX,, then K is a matrix of dimension
N x M.The target vector is defined either by the
three dimensional position coordinates at encounter
time, or by the six dimensional state including po-
sition and velocity, so that N = 3 or N = 6 always.
When targeting to the three dimensional position,
the residual target vector AX,. is aways specified
in terms of target relative asymptotic coordinates in
plane of the trajectory.

AXT = [ AB-R AB T ATOF ] (15)
The target relative coordinates B K and B. 7' define
positions in the two crosstrack directions, and 7'OF
defines the along track position in terms of a time of
flight with respect to the point of closest approach.

The corrections to the SEP profile that are needed
to guide the spacecraft to the target state are
solved through iterative solutions of Equation (10)
for As. In the first iteration, the present course
trajectory SEP profile is used to compute the ma-
trix N (ax, 8, 7.) and the encounter time state
Xe(ak, bk, 1.), which then provides a first order solu-
tion of the corrections As and an updated SEP pro-
file defined by (&x,é,7,). The updated SEP profile
then becomes the present course trgjectory SEP pro-
file in the next iteration, (ak, 8k, 7c) = (ak, 8k, %),
from which the next set of SEP profile corrections
are computed. If tile corrected duration of the last
plan extends past its boundaries, as specified in
Equation (4), the value of « is increased or decreased
as becomes necessary. This procedure is repeated
until tile norm of the residual between the target
state and the encounter state is withinthe specified
threshold e

[AN. [< e (16)
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A convergence criteria of Lkm in position and 107
km/s in velocity is usually sufficient.

Fiquation (10) is a linearized equation, and conver-
gence Of theiterations required to solve this equa-
tion are not guaranteed. However, tests have shown
that when the iterative solution to the linear control
equation dews not converge there is usualy an insuf-
ficient. number of control parameters in the control
vector As. As such, when the iterative procedure
does not converge within a specified finite number
of iterations, more parameters are added to the con -
trol vector. More specificaly, k2 is incremented in
steps of 1, and the dimension of the control vector
isincreased in steps of 2, by sequentialy adding the
two pointing angles of consecutive SEP plans in steps
of one plan at a time, until a converged solution is
found. An obvious failure mode of the control sys-
tem then arises when k,> « and there are no more
control parameters available to find a converged so-
lution, and the ground navigation system would then
be notified to redesign the SEP profile.

Solution Strategies of Control Fquation

The method used to solve Equation ( 10) is depen-
dent on the dimension M of the control vector As
with respect to the dimension N of the residua en-
counter state vector AX,. This results with three
cases which each require different solution methods,
Similar solution methods are also used whenthe an-
gular constraints arc imposed.

Case 1. N = M

This is the simplest case where the number of equa
tions and control parameters are identical. For each
iteration, a unique solution of As from the control
equation is computed from a simple inversion of the
matrix K.

As = K71AX, (17)

Case 2. N > M

Inthe case where there are fewer control param-
eters than equations, the corrections As are com-
puted from least sguares solutions to Equation (10)
at each iteration. That is, the corrections to the SEP
profile are chosen to be the vector As that minimizes
the following performance index .J.
1 .

J = H(AN, - KAs)T(AX, - KAs) (18)
Theleast sguares solution to the control equation is
found by minimizing J with respect to As.

As=(KTK)"'KTAX, (19

6
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Note that since N =3 or N =6, and M > 3 a-
ways, the least squares solution is only used when
targeting to a position and velocity at encounter
time with the angles of fewer than 3 planning cycles.
The converged least squares solutions only provide a
minimum to the performance index and the residual
encounter state A X., and the iterative search ends
when this minimum is reached even though it does
not necessarily lie within the threshold limit e.

Case 3. N < M

When there are more control parameters than the di-
mension of the target state, the solution to the con-
trol equation is chosen to be the solution that min-
imizes the corrections As subject to the constraint
AX.=K As. ‘I'he performance index is:

J(As, ) = %(ASTAS) + MAX. — KAs) (20)

where the constraint has been adjoined with the La
grange multipier A. The first variation of J(As, )
with respect to As and X is given as éJ below.

57 = %(msTAH AsT§As)

— AK6As + SA(AX, — KAs)  (21)

Note that 6AsT As= AsT6As. For a minimum of
J(As, M), the first variatiou 6J must vanish for arbi-
trary 6As and A, and the following two equations
must be satisfied to have 6.J =: O.

(22)

AsT — MK = 0O
0 (23)

AX, — KAs =
Inserting the transpose of Equation (22) into Equa
tion (23) provides a solution for A which can be in-

serted into the transpose of Equation (22) for a so-
lution for As.

M = (KRT) AKX,
As = RT(KRT) 'AX,

(24)
(25)
FEquation (25) involves an inversion of an N x N
matrix whose dimension is completely independent

of the number of control parameters Af in As, and
therefore never exceeds a dimension of 6.

With Angular Constraints

After a converged solution for an updated SEP pro-
file is computed from one of the above three solution
methods it thenbecomesthe new present course
SEP profile. 'Thisnew present course SEP profile
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is then checked to ensure that the thrust pointing
vector at the beginning of cachplan satisfies the an-
gular constraint requirements from Equation (8). If
the initia thrust pointing vector of any planin this
new SEP profile violates the angular constraint then
corrections to this new SEP profile are computed,
but by imposing an angular constraint equality to
the pointing angles of al of the plans that violate
the constraints. If the pointing angles from all of
the plans from kjto k2 that were included into the
control vector used to compute this ucw SEP profile
violate their respective angular constraints, then in
addition to applying the angular constraint equality
to all of these plans, k2 is incremented by 1 to include
the pointing angles of the next consecutive SEP plan
to the control vector but without any angular con-
straint applied to this additional plan. As before,
this procedure is repeated until a converged solution
of an updated SEP profile where al the plans satisfy
the angular constraints is found. When &2 > x and
no more plans are available to add to the iterative
search, the ground navigation system is notified to
redesign the SEP profile.

The angular constraint equality imposed on all of
the plans which violate the constraint requirement
in Equation (8) is as follows.

Fi(ax,b6;) = p' - p = cos b (26)

A first approximation of this constraint equality is
made by defining an updated SEP profile which re-
sets the pointing angles of the initial pointing vector
p of dl of the violating SEP plans in the present
course SEP profile to a pointing vector p that sat-
isfies the constraint equality in Equation (26), that
lies in the plane defined by p and the initial pointing
vector of the design trajectory p’, and that lies in
between p and p'.

(27)
(28)

(#'xp-p = 0
¥ cos [Ok —cos™H(p -17)]

pp =
This first approximation of the updated SEP profile
becomes the new present course SEP profile and al-
though it now satisfies the constraint equality, the
residual encounter state vector AX. is usualy no
longer within the specified threshold e. Further it-
erations are necessary to search for an updated SEP
profile which both satisfies the constraint equality
and provides a residua euncounter state that is within
the threshold lituits.

The additional iterations are performed in a simi-
ilar mannertothe three methods already described
above, except with additional equations that define
the angular constraint equality, The linearized forru
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of the angular constraint equality for an arbitrary
plan k is found by expanding Equation (26) into a
Taylor series shout the new present course trajec-
tory and retaining only the linear terms,

AF, = Fk(dk,ék)—pk(ak,&k)

=  ArAs (29)
The only nonzero elements elements of the vector
Ay are those that correspond to the elements of As
with right ascension and declination corrections for
SEP plan k.

oF: .
-— = 2(k —
ok i ( k) +1
[Adi =) 2ok k)42 (30)
0y
0 al other ¢

An expression like Equation (29) is necessary for all
those plans that had violated the angular constraint
in any of the prior converged solutions for a SEP
profile. The partial derivatives are evaluated from
the present course SEP profile, and are analyticaly
represented as follows.

OFy

Oy
cos by, cos b (sin a cos ax — cos aj sin i) (31)
0F%
Db
— cos 8}, sin 8; (cos o cos ax + sin af sin ay )(32)

= sinéj cos b

It is important to note that both of these partial
derivatives are equal to zero when the pointing an-
gles are from the designed SEP profile, with ax = o},
and & = &, and the matrix A is then singular,
However, the first approximation of the angular con-
straint which was computed from Equations (26) to
(28), dready satisfies the constraint defined in Equa-
tion (26), and subsequent iterations for the updated
pointing vectors will not approach the design tra-
Jectory pointing vectors since the angular constraint
equality would no longer be satisfied.

The linear control equation with angular con-
straints can then be considered to be a combination
of Equations (10) and (29).

AY = KaAs (33)
AX. K
AY = | Ak Ka=| M | (39

AmericanInstitute of Aeronautics and Astronautics



The vector AY and the matrix K, include the resid-
nals A f} and the corresponding vectors Ag,respec-
tively, for all of the plans k that have violated the
angular constraint. If there were N, plans that vio-
lated the angular constraints, then the dimension of
the vector AY is(N + N,), and the dimension of
K4 15 (N + NA) X M.

In this case, the method chosen to solve Equation
(33) is now dependent on the relationship of the di-
mension (N + N,) to the number of the parameters
M, which result with three solution methods, say
Cases 1A, 2A and 3A, which are analogous to Cases
1, 2, and 3 described above.

Case 1A: (N +Na)=M

As= K;'AY (35)

Case 2A: (N + N,) > M
As= (KTK4 ) 'K AY (36)

Case 3A: (N + Na)< M
As= KT(KaK%Y)'AY (37)

As will be mentioned later, the 1) S- 1 autonomous
control system will usually be restricted to targeting
only to the three dimensional coordinates in position
that are required at the encounter time. As such,
the minimum norm solution described in Case 3A
is always used once angular constraints are included
into the iterative search for the updated SEP profile.

Simulations of Targeting to a Position Only

Examples of some tests of the linear targeting strat-
egy to a three dimensional position at encounter
time for the DS-1 trgectory to McAuliffe using the
85% duty cycle SEP profile shown in Figure (2) as
the designed SEP profile are shown below. The sec-
ond SEP segment to McAuliffe will probably be re-
designed after the 11'S has been calibrated during
the first SEP segment, so the tests are restricted
to sitnulating errors and computing updated SEP
profiles only for the second SEP segment before the
McAuliffe encounter. The second seginent of the de-
sign trgjectory begins a SEP plan k= 3 and ends
at SEP plan k= 18. It is assumed that the orbit
deter mination system provides a perfect observation
of the spacecraft state at any opportunity to update
the SEP profile. The actual operation of the au-
tonomous navigation system on DD S-1 is simulated
by considering the planning cycles as a time line of
the 1) S 1 trgectory. The tests step through this
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time line starting withSEP plank= 3, and assumes
that the IPS has actually implemented a thrust in
all prior SEP plans of the second segment that is
equivalent to a duty cycle that is lower than the de-
signed 85% duty cycle that would have guided the
spacecraft to McAuliffe.

So, if the spacecraft is simulated to be at the be-
ginning of plan k;, the lower duty cycle is imposed
on al plans of the updated SEP profile from k= 3
to k = k— 1, and the autonomous control system
is provided with an opportunity to update the SEP
profile in as many future SEP plans with k> k1 as
is necessary. For example, when k= 3, the SEP
profile is exactly as designed and no corrections are
applied. When k= 4, an error in the duty cycle of
plan k = 3 has been applied aud plans with k> 4
are used to correct this error to maintain a trajec-
tory that has an encounter with McAuliffe. Then,
when k=5, in addition to the error aready ap-
plied to plan 3, an identical error in the duty cycle
of plan k=4 of the SEP profile that was updated
when k= 4 is also applied, and SEP plans with
ky> 5 are used to correct these errors. This process
is repeated to the end of the second SEP segment.

Four specific examples are shown to illustrate how
changing the minimum number of plans included in
each solution affects the angular and duration cor-
rections to the designed SEP profile, and how apply-
ing the angular constraint affects these corrections.
The first three examples do rrot impose the angular
constraint. The angular and duration corrections of
the updated SEP profile with respect to the designed
SEP profile fromn the first example are shown in Fig-
ure 3. These corrections are those computed by the
autonomous control system when the search for an
updated SEP profile is started with only 1 SEP plan,
k,= k. The percentages labeled on each curve in-
dicate the duty cycle that was actually applied by
the IPS in the SEP plans with 3 <k < k1. Although
the iterative search is started with the angles of the
first available SEP plan, a converged solution is not
always found with only one plan. For example, at
least two plans (k; = k+ 1) are necessary to find
converged solutions when k= 4,5, and 6, and the
applied duty cycles are less than 8370. As the applied
duty cycle is reduced further more solution opportu-
nities require at least two plans to find a converged
solution. The extreme example is when the duty cy-
cle applied to prior planswas 79%, and converged
solutions required the used of three plans when k=
4,5 6,7, and 8, and two plans when k;=9,and 10.

Similarly, as the applied duty cycle is reduced the
nuinber of plans in the second segment gradually
increases with the value of sincreasing to the point
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Figure 3: Angular corrections(a) and duration cor-
rections (b) with respect to the designed SEP profile
using a minimum of 1 SEP pian to correct prior er-
rors in the SEP profile. No angular constraints are
applied to the corrections.

where « = 23 by the end of the simulation which
applied 79% duty cycles on al prior plans. When
prior plans had a duty cycle of 78% a converged so-
lution for al of the SEP pians in the second segment
could not be found because the durations eventu-
ally extended beyond plan k=24 where no nominal
pointing angles were specified in the designed SEP
profile.

Figure 4 is similar to Figure 3 except that al avail-
able plans were used to correct any prior errors in
the duty cycle and ka - x always. In this example,
converged solutions were also found for al of the
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Figure 4. Same as Figure 3, but using all available
SEP plans to correct prior errors in the SEP pro-
file. No angular constraints are applied to the cor-

rections.

plans When the duty cycle applied to prior plans was
78%. This is because the duration corrections were
much smaller, amost by a factor of 2, than the du-
ration corrections when a minimum of 1 plan was
used to correct errors in the duty cycle. For ex-
ample, when a duty cycle of 79'%0 was applied to
prior plans, the last plan of the second segment was
changed from the design value of x=18to x = 23
for the example shown in Figure 3, andto x = 20 for
the example shown in Figure 4. However, reducing
the duration correction aso had the effect of delay-
ing angular corrections to the plans at the end of the
SEP segment, as they accumulate through each
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Figure 5: Same as Figure 3, but using a minimum
of 3 SEP plans to correct prior errors in the SEP
profile. No angular constraints are applied to the
corrections,

update of the SEP profile fromk, = 310 ky=~x.
Figure 5 shows the angular corrections and dura-
tion corrections when the angles from a minimun of
three segments, k,= k+ 2, are used to correct any
errors in the duty cycle of prior SEP plans, The most
significant improvement over the examples shown in
Figures 3 and 4is the reduction in the maximum an-
gular correction of the thrust pointing vector in any
plan. While the maximum angular correction in the
examples shown in Figures 3 and 4 are larger than
20 degrees, in this example the maximum is only as
large as approximately 15 degrees. The penaty for
this improvement is larger duration corrections
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Figure 6: Same as Figure 5, but with an angular
constraint of 10 degrees applied to the corrections.

compared to when al the SEP plans were used to
correct prior errors. However, these duration cor-
rections are till smaller than when the angles from
a minimum of 1 plan were used to update the SEP
profile. In this example, when a duty cycle of 79%
was applied to prior plans, the last plan of the second
SEP segment is changed to « = 22.

The designed SEP profile will usualy place an-
gular constraints on the updated SEP profiles that
are of the order of 10 degrees or less. Therefore,
none of the previous three examples would be suit-
able strategies to correct the SEP profile when ap-
plied duty cycles vary by as much as 5 %0 from the
designed 85% duty cycle. Figure 6 shows a similar
example to that shownin Figure 5, except that now
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a l0 degree angular constraint has been applied to
the updated SEP profiles. The angular constraints
have only been enforced when duty cycles of 81%
have becu applied to prior duty cycles. By applying
these angular constraints there has aso been a sig-
nificant reduction in the duratious required to cor-
rect the prior errors in the duty cycle. When a duty
cycle of 78% was applied to al prior SEP plans, the
last plan of the second SEP segment extended to
x =24 when no angular corrections were imposed
o11 the updated SEP profiles, but only extended to
planx =22 whenthe angular constraint was applied
to the updated SEP profiles.

These four examples clearly dernonstratetbat us-
ing extreme strategies such as using a minimum of
one plan with k,= k, or using all the available
plans in the segment with k2= x, do not provide
the most desirable adjustments to the designed SEP
profile. Instead, using a minimum of three plans
might reconsidered as a reasonable compromise be-
tween correcting any errors as soon as possible, and
reducing the angular and duration corrections to the
designed SEP profile. Although the angular con-
straints are imposed by the physical design of the
spacecraft, they also appear to improve the efficiency
of the adjusted SEP profiles by reducing the dura
tion corrections to the adjusted SEP profiles.

Targeting to only the three dimensional coordi-
nates in position at encounter time changes the ve-
locity and incoming asymptoteofthe spacecraft at
the encounter time, and could prove to be fatal for
the spacecraft trgjectory to the subsequent encoun-
ters. Tests of the autonomous control system have
been performed to compare the adjusted SEP pro-
files that would result from targeting to a six di-
mensional state (position and velocity, N = 6), to
those that result from targeting to a three dimen-
sional encounter state (position only, N = 3). The
corrections to the thrust pointing angles and dura
tions are muchsmaller when targeting to a three
dimensional state and probably better suited to a
linear targeting strategy. Also, for the small errors
expected in the SEP thrust applied by the IPS, the
changes in the velocity of the spacecraft at encounter
time caused by targeting to position only, appear
to be small enough to be rectified by a redesign of
the SEP profile after each encounter. As such, the
D S-1 autonomous control system will be restricted
to lincar targeting to the desired three dimensional
coordinates in position at encounter time, but will
maintain the capability to target to a position and
velocity at encounter time. Any siguificant errors in
the SEP thrust applied by the 1I'S which become en-
ergetically disadvantageous for subsequent encoun-
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ters will require a redesign of the SE P profile by the
ground navigation team.
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